Several innovative management initiatives have been implemented recently in the Canadian 4WX herring fishery. An ''in-season management approach'' allows a number of decisions regarding the appropriate distribution and rate of fishing by a team consisting of participants in the fishery and members of government on the basis of the best available information during the season. Observations from the fishery are discussed routinely (often weekly), so that management can be modified quickly according to negative or positive signals. Surveys have been implemented, sampling has increased, and data-handling procedures have been changed to allow more rapid summary of results. In recognition that the management area contains several spawning components, and that they are subject to erosion through disproportionate fishing effort, there has been separate consideration of individual spawning grounds, with the explicit objective of maintaining the spatial and temporal diversity of spawning. A ''survey, assess, then fish'' protocol, in which acoustic surveys are undertaken of each spawning area, and only a portion (<20%) of what has been documented is allocated to the fishery, has been implemented to spread the total catch appropriately among spawning components in relation to their size and state. These initiatives have necessitated an increase in the quantity, quality, and availability of information from the fishery. They have demanded a very high level of commitment, involvement, and cooperation from all participants in the fishery-management process. Together, the procedures have emulated a co-management system, with a substantial degree of participation by industry, better articulation of objectives, and development of decision rules. They have led to improved effectiveness of management and care for the resource.
Introduction
Fisheries systems are complex and inherently variable. They are also incompletely understood. The combination of these factors creates considerable uncertainty, which must be respected both in fishery evaluation and in implementation of management regimes.
Uncertainty was the major theme of the 1990 NAFO session ''Management under Uncertainties'' (Shepherd, 1991) , the 1991 workshop ''Risk Evaluation and Biological Reference Points for Fisheries Management'' (Smith et al., 1993) , and it has been the emphasis in recent attempts to implement a precautionary approach in ICES and NAFO (ICES, 1997 (ICES, , 1998 NAFO, 1998) . Most studies of this topic to date have been on characterizing biological variability and on production of scientific advice that contains some representation of its uncertainty. In particular, more appropriate biological reference points have been refined and developed in attempts to convince clients of the importance of staying a safe distance away from such reference points, specifically because of the uncertainty.
Although there have been a number of recent studies of fishery-management systems, particularly discussing user participation in management (e.g. Jentoft, 1989; Ludwig et al., 1993; Rosenberg et al., 1993; Charles, 1995; Cochrane et al., 1998) , there has been relatively little attention to the development of management systems that can take account of, and react appropriately to, uncertainty. It is suggested that the development of such management structures and procedures is a critical area of investigation. Increasingly in the literature there have been appeals and suggestions for a multidisciplinary approach and for organizational change to allow decision-making that is robust in the face of uncertainty (e.g. Stephenson and Lane, 1995; Garcia, 1997) . To date, however, there have been few case studies in which such thinking has been applied and tested.
This paper describes a case study (the Canadian 4WX fishery for herring (Clupea harengus)) in which a management system has been restructured substantially to include collaborative within-season decision-making, revised objectives, and operational procedures, in an attempt to deal with uncertainty.
The case study Canada's Division 4WX herring fishery is the largest herring fishery in the Western Atlantic, with annual landings of the order of 100 000 t. The fishery involves a variety of gear types, including fixed gears (weirs, shutoffs, and gillnets), and a dominant mobile gear sector fleet of approximately 25 purse seiners that take more than 80% of the annual catch. The commercial fishery has survived major changes in market emphasis and demand, and it has been dominated at different times by canned herring (sardine), fishmeal, fillet, and roe markets.
The fishery has been at the forefront of innovative fisheries management, being for example one of the first to be regulated by total allowable catch (TAC) and to implement individual transferable quota (ITQs; Iles, 1993; Stephenson et al., 1993) . Twice in its history (both in response to crises), it has had advanced co-management relationships. Recent management has been carried out using annual management plans developed by Canada's Department of Fisheries and Oceans (DFO) in collaboration with the Scotia-Fundy Herring Advisory Committee (SFHAC; representing stakeholders), with a general continuity on elements such as gear sector sub-allocation, and ITQ transfers imposed by a longer term plan established in 1983.
Uncertainty surrounding a major change in stock status together with recognition of the importance of preserving individual spawning components prompted a substantial management change in the mid-1990s. A form of ''in-season'' management, modification of objectives to maintain the spatial and temporal diversity of spawning and operational protocols that included pre-fishery abundance surveys were all specifically implemented to address uncertainty.
Sources of uncertainty summarized the problems and issues in assessment and management of the fishery at the time the management system was developed. Prior to 1995, annual biological evaluation, undertaken after the end of fishery year x, was peer reviewed in April or May (year x+1) and used as the basis for the management plan for year x+2 (Fig. 1) .
The 1995 stock assessment indicated that the spawning stock had declined from about 600 000 t in the late 1980s to perhaps as low as 200 000 t. Both the reason(s) for the decline and the estimate of stock size were uncertain. Consequently, DFO insisted on a cautious approach in the management of the 4WX stock complex and set a reduced TAC for the quota year October 1994-October 1995 at 80 000 t (reduced from 150 000 t in previous years). Moreover, this TAC was set only on an interim basis to be reviewed throughout the course of the fishery.
There were several sources and types of uncertainty at the time:
stock size -an analytical assessment (VPA) calibrated with a larval abundance survey was highly imprecise stock structure -herring were known to spawn in several spawning areas, some of which were being eroded under a TAC considered appropriate for the entire area possible environmental change -herring had very low fat content and were distributed oddly, and water temperature was anomalous, in the summer of 1994 incomplete information -there was little information on fish behaviour, spatial pattern, and performance of individual spawning areas slow (lagged) response/reaction time of evaluation and management -information on the stock in year x was assessed in year x+1 and the results were used as the basis for management in year x+2. Management of this fishery was remote. Meetings of SFHAC were infrequent (approximately twice per year) and there was only ad hoc involvement during the fishery. There was little discussion of the state of the ongoing fishery, and there was no possibility of using information collected during the season to adjust management measures. A review of situations in which Atlantic herring stocks had collapsed (Stephenson, 1997) concluded that collapse can happen quickly and that management that ''considers multiple factors and which can react quickly to complex and changing conditions'' is required. The assessment and management system in the fishery, although comparable to most others in place at the time, was incapable of dealing with the uncertainty obvious in the mid-1990s. There was need for a new approach.
Development of an ''in-season'' management system
The 1995 Division 4WX herring management plan stressed the importance of monitoring progress and signals in the summer fishery, and required an in-season re-evaluation of biological indicators and fishery performance. To meet these requirements, the ScotiaFundy herring purse-seine monitoring working group (MWG), a subcommittee of SFHAC, was established to evaluate information from the fishery on an ongoing basis. The committee had representatives from industry (the purse-seine fleet and the processing sector) and the federal govenment (fisheries operations/management and fisheries scientists). The MWG was provided with the mandate, and empowered, to make decisions on area fishing limits for the remainder of the summer purse-seine fishery. The committee, jointly chaired by a DFO manager and an industry representative, met routinely in person or by teleconference call to review new information and to decide on a course of action.
The importance of timely and effective decisions by the MWG during the 1995 fishing season necessitated both new information and a structured approach to decision-making. The situation required: joint industry and DFO monitoring of stock size in fishing areas; rapid compilation of data for dissemination to the MWG; and analysis and use of the data in a form appropriate for consensus decision-making.
Considerable improvement was made on obtaining appropriate information in a timely fashion on which to base decisions. Information collected from the summer fishery included:
Statistics -records of all vessel searching activity and catch locations available on a daily basis and summarized and plotted weekly. Sampling -thorough coverage of all aspects of the summer fishery for size and biological characteristics resulted from increased presence of biologists on the fishing grounds, observers on fishing vessels, and from sampling done by industry (vessels and processing plants). Length-frequency distributions by fishing ground and week were made available and discussed while the fishery was in progress.
Surveys -a series of stock surveys was undertaken of major spawning areas using commercial vessels. Sonars and sounders were used to document number, location, and approximate size of herring schools. In most successful surveys, several vessels worked together to provide rigorous coverage of the target areas. As the primary concern at the time was for the biological state of the stock (especially the abundance on the individual spawning grounds), biological observations formed much of the in-season information brought to the MWG for discussion. It was essential that the MWG develop criteria against which these observations could be compared. To this end, tables of expected biological observations (size and age composition, relative local abundance, location and distribution, fat and feed content), including an expected range of values for each, were constructed. This ''checklist'' (Table 1 ) was used as the basis for decisionmaking from the biological observations on individual spawning components and discrete fisheries. Positive signals led to continuation or expansion of the fishery in an area, whereas negative signals led to further restrictions.
The programme of in-season management was extended in 1996 from the purse-seine sector to the gillnet sector, and it continued to evolve as it was applied to the fishery in subsequent years (DFO, 1997; Lane and Stephenson, 1998) . The approach now involves routine meetings or teleconference calls by a team representative of the fishery (some meetings/calls involving widespread industry participation) to discuss recent observations and results from both the fishery and scientific investigations, to make decisions about the appropriate locations and extent of fishing for the upcoming period (usually 7-10 days), and about requirements for surveying and data collection of relevance to upcoming decisions. The approach is now characterized by ongoing, within-season decision-making, monitoring and management of individual spawning components, and common use of pre-fishery abundance estimates (''survey, assess, then fish'' protocol). Decision-making has evolved from a round-table discussion on the best management decision given the observations at hand, to development of specific decision rules (see later).
In-season management has been applied within the context of an overall management plan that determines the TAC (now established during the year, but before the start of the major fishery), the basis for allocations among fleets/sectors, and sets out the scope of in-season decision-making. The management team is empowered to make decisions on the rate and location of fishing Table 1 . Checklist for biological considerations in 4WX herring fishery decision-making (after Stephenson et al., 1996) .
Item
Positive Negative within a pre-established quota. The overall quota is established after an annual assessment process that includes outside peer review. Industry has been increasingly involved with all aspects of the process, including provision of data to stock assessment review meetings (e.g. Paul, 1998) . Data gathered in-season are summarized and made available as quickly as possible. It is not uncommon, for example, for a preliminary indication from acoustic surveys (based on the area of fish multiplied by an inferred density) to be made available the morning following a survey for use the same morning in a management conference call that determines what portion of the quota may be fished in a given area over the following few days.
Spawning areas

Monitoring and management of individual spawning grounds
Herring spawn in discrete locations to which they are presumed to home. Heavy fishing effort seems to have resulted in loss of spawning areas in several herring fisheries. Within the 4WX herring fishery, there has been the recognition that disproportionately intense fishing on individual spawning locations led sometimes to severe depletion (collapse) of that spawning area (Stephenson, 1998) .
In recognition that the management area contains several spawning components, and that these are subject to erosion through disproportionate fishing effort, management of the fishery has evolved to consider individual spawning grounds. Because the degree of discreteness and ecological significance of individual spawning grounds is unknown, it was considered appropriate under a precautionary approach to prevent elimination/ loss of spawning groups Stephenson, in press ). In addition to overall quota restriction, there is now separate consideration of individual spawning components, both on the spawning grounds and when mixed (in overwintering areas for example), with the explicit objective of maintaining the spatial and temporal diversity of spawning . In-season management has allowed this level of consideration. There is now monitoring of the appearance of herring on spawning grounds, surveying of biomass of these individual components, and management decision-making to spread the fishing effort appropriately among various spawning components of the stock complex.
''Survey, assess, then fish'' protocol
The ongoing monitoring and decisions regarding the ''appropriate'' extent of fishing in an area at a particular time have been accomplished through the emergence of a ''survey, assess, then fish'' protocol. This requires surveys and MWG review prior to fishing. Surveys are undertaken primarily by commercial vessels, using a mapping technique (area X inferred density; DFO, 1997; Stephenson et al., 1997) or, more recently, quantitative acoustic information derived from recordings of the fishing vessels sounder and sonar systems . This approach is now used routinely to survey spawning grounds, and then to restrict fishing to a portion (less than 20%) of the estimated biomass. This protocol has also been used in areas of mixing, where additional decision rules (based, for example, on maturity and/or size and which help determine the degree of stock mixing) have been implemented to reduce the probability of fishing unintended stocks.
Impact and evaluation of in-season management
The implementation of in-season management has changed the approach to a number of elements of the resource evaluation and management process in the 4WX herring fishery (Table 2) .
Increased industry involvement.
Industry involvement has changed from infrequent consultation to continuous participation in decision-making, in sampling, and in resource evaluation. Industry (from fishing vessels to processing plants) is more aware, and appreciative, of biological and management issues. Seeing and understanding the need for information for decision-making, and understanding how data are to be used, industry has been enthusiastic about collecting more information, and has contributed substantial time to surveying and sampling.
Smaller spatial and temporal scale of management.
In-season management provided a mechanism for decisions at the spatial and temporal scale required for consideration of individual spawning components. This change has prevented disproportionate fishing effort on individual spawning grounds, and will help to prevent elimination of spawning groups with potential loss of biodiversity (Stephenson, 1999) .
Improved data. Data have improved in quantity, quality, and timeliness. The requirement to use data within season has changed the arrangements for data collection completely. In a few years, the situation in which random stratified biological sampling and occasional surveys were conducted completely by DFO has changed to one in which there is intense biological sampling by processing plants (some providing samples of all landings), fishing vessels, field staff employed by industry and DFO, and a substantial level of industry surveys. Resource evaluation is now based primarily on acoustic surveys and biological sampling undertaken primarily by industry.
More timely evaluation. Evaluation and decisionmaking are ongoing rather than periodic and lagged.
A formal stock assessment procedure, including peer review, is undertaken annually, as in the past, but rather than being used to generate advice for the year following the assessment (i.e. 2 years after data collection), it is used to establish the quota during the season in progress. Information from the fishery in one year is now used to establish the quota for the next, thereby eliminating a lag of a year (Table 2, Fig.  1 ). Between assessments, and once the quota has been established, there is ongoing review in light of new data. Regular meetings/conference calls compare observations with prior expectations, discuss the implications if they are not in agreement, and determine appropriate corrective measures.
Improved decision-making. The fishing industry, government and interested parties participate in monitoring the state of the fishery. This ongoing review of ''are things as they should be?'' and ''are things looking better/worse than expected?'' takes place within a season when action can be taken to correct management if required. This is very different from the previous system that established a TAC, then looked after the season at how things went and made recommendations for the future. It is a major improvement in dealing with uncertainty. While decisions were rather ad hoc to begin with, there has been increasing recent attention to development of more-robust decision rules. In-season management has taken considerable effort on the part of MWG participants. It has involved conference calls and meetings weekly (and even more frequently) during the active fishing period. It also required increased biological sampling and more rapid summary and dissemination of fishery and biological information to be used in decision-making. Some of the greatest effort has been in improved surveys. Rather than occasional surveys by single DFO vessels, it has become customary for groups of industry vessels to survey using their sounders and sonars. Hundreds of hours have been logged in recent years by commercial vessels undertaking acoustic surveys. Four vessels now carry systems that can record quantitative acoustic signals, and the industry is now able to organize an acoustic mapping survey of an area at almost any time.
The in-season management process has on several occasions led to the imposition of further restrictions (most often in the form of closures of individual spawning grounds in response to negative observations or a high degree of uncertainty) in real time. The enhanced involvement of industry in resource evaluation and management has led, predictably, to a greater appreciation of management issues. There has been a substantial reduction in the gap between ''regulator'' and ''regulated''. In-season management has resulted in enhanced consensus on issues, increased care for the resource, and improved compliance with management regulations. Improved surveys and data collection have reduced the ''uncertainty'' regarding the biological system, and improved decision-making structures and consideration of individual spawning components have helped overcome the ''uncertainty'' of management. Importantly, this management system is more responsive to changes in the biological system, and to the potential problems caused by uncertainty. Since 1995, the status of the 4WX herring stock complex has improved.
Current and future issues Scope of decision-making
The experience of the Scotia-Fundy herring fishery with in-season management since 1995 represents a major step towards realizing a form of industrial co-management. The empowered management group, consisting of the main participants in the fishery system and the consensus-based decision process using real-time quantitative measures and tools as decision aids, marks a radical change from the previous disciplinary, hierarchical, and government-controlled decision-making. Interestingly, the range of considerations in decisionmaking has been broad, with a number of consensus decisions to limit fishing activity based on observed abundance, fish size, market or operational considerations. In addition to a biological checklist, the MWG has found it natural on some occasions to include multidisciplinary aspects (prices, markets, equitable distribution among the fleet, monitoring and enforcement) in the discussions. In-season management was conceived and continues to exist in an atmosphere of crisis surrounding the perceived declining status of herring stock abundance and the potential for overexploitation by the dominant purse-seine fleet, and, more recently, by the reactivated gillnet fleet. As such, the immediate concern of the MWG has been that of monitoring and reacting appropriately to signals about the biological status of the stock. The short-term urgency of the perceived stock status has pre-empted further discussion on other longer-term issues and considerations. For example, although decisions taken by the management group have nearly always been rationalized on the basis of industry economic viability and the equitable distribution of fishing rights, the issues were only considered implicitly in the decision-making process. It is anticipated that consideration of longer-term issues will emerge as the process continues.
Organization and participation
The four main groups active in the management of the herring fishery include: the independent fishermen's associations representing the different gear sectors (weirs, gillnets and seiners) and geographically defined local groups; active shore-based processing firms specializing in herring; the government of Canada through the Department of Fisheries and Oceans and the provincial governments of Nova Scotia and New Brunswick; and the diverse group of community members, members of other fisheries, and other interested parties who are impacted by the activities of the Scotia-Fundy herring fishery. The management group consists of representatives from a portion of the fishing industry (harvesting and processing) as well as government officials. The industry representatives were all empowered by their respective associations to act on their behalf. However, initially they represented only the dominant purse-seine gear sector of the harvesting sector (and subsequently, in 1996, gillnetters) at the exclusion of other fixed gear herring fishermen (e.g. weir operators). There were no specific members to represent the wider community of interesting parties/''stakeholders''.
The exclusion of other groups diminished the scope and decision-making ability of the management group, as was evidence by the protests of the lobby against the purse-seiners' access to some winter 1995 herring aggregations on the south-west shore of Nova Scotia. It would be incumbent on future management organizations to establish more formal information links to its peripheral community.
Management scale and process
A key development in the management process has been its ''scale'' of application. Historically, management decisions were made on the basis of annual stock assessments as input to biannual meetings, with participants for determining the annual management plan and seasonal aggregate catch limits. In-season interventions were reserved to enforce occasional variance orders and to monitor the aggregate exploitation of the fishery. In contrast, the in-season decision-making process tracks vessel activity from one fishing area to another. This in-season perspective not only provided the means needed to manage exploitation of individual spawning grounds, but it also required a direct, ongoing communications link among all participants. Consequently, decision-making moved from an annual standardized procedure to ongoing multiple and directed decision interventions in consultation with participants. Industry's link to the ongoing decision process lies in its acquisition of real-time data and the use of industry observation. When data are required at this level, their reliability and usefulness are clearly enhanced.
Authority and empowerment
The roles and responsibilities of the participants in the in-season management process have evolved to become more comprehensive, but as yet not fully structured or empowered by legislation to consider the multiple objectives of the fishery. Nevertheless, a better understanding and appreciation has been realized for the contributions of each participant group towards accomplishing the organization's mutual goals. Harvesters and processors have become more responsible for providing timely and accurate information from the observations of their own constituents (including extensive surveys and sampling), for maintaining the confidence of their membership in the process, and for developing and supporting the consensus position of the decision-making process. Government researchers have become more committed to providing practical, relevant information directly complementary to in-season decision-making (e.g. spawning ground stock abundance estimates). Government administrators have become more responsible for the orderly prosecution and implementation of the decisions by providing logistical and communications support to the fishing industry and all participants. Finally, other stakeholders have participated in the consensus-building process by sensitizing the decision-making body to the ramifications of its decision alternatives.
The management-team approach to decision-making could be improved by formalized and enhanced in-season roles of the participants. The team would ultimately be held accountable for decisions made and therefore responsible for tracking the performance of past decisions by comparing measurable actual impacts of decisions taken with the anticipated results. This feedback should then be used to adapt future decisions towards achieving predefined strategic goals.
Decision support
The in-season experience of the fishery led to the development of some tools (in the forms of a biological checklist (Table 1 ) and industry surveys) to assist in the interpretation of observations from the fishery. In support of management decisions for the herring fishery, other specific tools for structured decisionmaking are beginning to evolve. Most of the tools may be derived from a well-established set of methodologies for decision analysis from the field of operations research, where there is substantial formal and applied evidence of the usefulness of such systems (Lane, 1992) .
